Background: In a previous analysis of 12 cancers in the Cancer Prevention Study II (CPS-II) cohort including follow-up from 1982-2000, having both hay fever and asthma was associated with lower colorectal cancer mortality. The combination of these allergic conditions may be a marker for allergy-related immune responses that could inhibit colorectal carcinogenesis.
Introduction
Hay fever (also known as allergic rhinitis) and asthma are both allergy-related conditions (1) (2) (3) . Associations of hay fever and asthma with mortality from 12 cancers were examined in a previous analysis of the Cancer Prevention Study II (CPS-II; ref. 4) . In that analysis, individuals who reported diagnoses of both hay fever and asthma had significantly lower overall cancer mortality [relative risk (RR) ¼ 0.88; 95% confidence interval (CI), 0.83-0.93] and colorectal cancer mortality (RR ¼ 0.76; 95% CI, 0.64-0.91) than those who reported neither hay fever nor asthma. Hay fever alone was associated with only slightly lower colorectal cancer mortality (RR ¼ 0.92; 95% CI, 0.85-0.99), whereas no association was observed with asthma alone (RR ¼ 1.04; 95% CI, 0.91-1.19).
A potential biologic explanation for lower colorectal cancer mortality among individuals with both hay fever and asthma is that these individuals are more likely than others to have atopy, a general predisposition to develop immunoglobulin E (IgE)-mediated (allergic) immune reactions (3) , and therefore to develop IgE-mediated immune reactions against colorectal neoplasia. IgE-mediated immune reactions have been hypothesized to play an important role in immune surveillance against cancer in general (5) and could be important in inhibiting colorectal carcinogenesis in particular. In mice, treatment with IgE monoclonal antibodies that were specific for a colorectal tumor antigen inhibited the growth of human colorectal tumor xenografts (6) . Recruitment of eosinophils to allergic sites is a key feature of IgE-mediated immune reactions (7) , and eosinophils may have important antitumor effects (8) , including cytotoxic effects on colorectal cancer cells (9) . Eosinophil infiltration of colorectal adenomas is common and is associated with smaller size and less aggressive characteristics (10) . Eosinophil infiltration of colorectal cancers is associated with better prognosis, independent of stage and grade (11, 12) . The potential importance of eosinophils is also suggested by a recent cohort study showing an association between blood eosinophil count (typically elevated in atopic individuals; ref. 13 ) and substantially lower colorectal cancer incidence (14) .
Epidemiologic studies to date have provided only limited support for an association between allergic conditions and lower risk of colorectal cancer. Other than CPS-II (4), only the Iowa Women's Health Study (IWHS; ref. 15) , examined the association between having 2 or more allergic conditions and colorectal cancer risk. In the IWHS (15), having 2 or more allergic conditions was associated with approximately 40% lower colorectal cancer incidence. Although some studies of individual allergic conditions found associations with modestly lower risk of colorectal cancer (15) (16) (17) (18) , others did not (19) (20) (21) (22) (23) (24) (25) , or found lower risk of rectal cancer, but not colon cancer (26) .
Confirmation of the association of having both hay fever and asthma with lower risk of colorectal cancer mortality observed in CPS-II (4) is important given that it was observed in an analysis of multiple cancer outcomes, which raises the possibility that it could have been at least partly due to chance. In addition, results from other studies of allergic conditions and colorectal cancer are inconsistent. Confirmation of this association would also provide support for the hypothesis that IgE-mediated immune reactions can inhibit the development or progression of colorectal cancer. This in turn could have implications for research on vaccinations to stimulate or enhance IgE-mediated immune reactions against colorectal neoplasia (5) .
To clarify whether having both hay fever and asthma is associated with colorectal cancer mortality, we examined this association in CPS-I, a large prospective study similar in design to CPS-II. In addition, we reexamined this association in CPS-II after extending follow-up from 16 years to 24 years, thereby adding more than 4,000 colorectal cancer deaths to the analysis. Finally, we examined the association between having both hay fever and asthma and colorectal incidence in the CPS-II Nutrition Cohort to explore whether the association previously observed for colorectal cancer mortality might also be apparent for colorectal cancer incidence.
Materials and Methods
Analyses of colorectal cancer mortality or incidence were conducted in 3 American Cancer Society prospective cohort studies, CPS-I, CPS-II, and the CPS-II Nutrition Cohort, a subgroup of CPS-II. Hereafter, the larger "parent" CPS-II cohort will be referred to as the CPS-II Mortality Cohort. Each of these cohorts is described in more detail below.
CPS-I
CPS-I included 1,051,031 participants (456,487 men and 594,544 women) from 25 U.S. states who were at least 30 years of age at enrollment in 1959 (27, 28) . Participants were enrolled by American Cancer Society volunteers who asked their friends and neighbors to complete a self-administered questionnaire that included information on demographic, medical, and lifestyle factors. Those who self-reported any cancer other than nonmelanoma skin cancer at enrollment (N ¼ 27,840) were excluded, leaving 1,023,191 participants (449,320 men and 573,871 women) in the analysis.
Hay fever and asthma were self-reported on the 1959 baseline questionnaire. A list of medical conditions including "hay fever" and "asthma" was provided, and participants were asked to "mark each of the following diseases you have ever had."
Follow-up for cancer mortality was based on ascertainment of vital status by volunteers and subsequent verification based on review of death certificates (27) . For the first 6 years of CPS-I, volunteers made personal inquiries annually to determine the vital status of the participants they had enrolled. Follow-up by the volunteers was done again during 1971 and 1972 (27 
CPS-II Mortality Cohort
The CPS-II Mortality Cohort was similar in design to CPS-I and included 1,184,418 participants (508,237 men and 676,181 women) from 50 U.S. states, the District of Columbia and Puerto Rico, who were at least 30 years of age at enrollment in 1982 (30) . Participants were enrolled by American Cancer Society volunteers who asked their friends and neighbors to complete a 4 page self-administered questionnaire that included information on demographic, medical, and lifestyle factors. Those who self-reported any cancer other than nonmelanoma skin cancer at enrollment in 1982 (N ¼ 82,326) were excluded, leaving 1,102,092 participants (483,005 men and 619,087 women) in the analysis.
Hay fever and asthma were self-reported on the 1982 baseline questionnaire. A list of medical conditions, including "hay fever" and "asthma," was provided, and the participants were asked to mark diseases or conditions "for which you have ever been diagnosed by a doctor."
To ascertain the vital status of CPS-II Mortality Cohort participants, American Cancer Society volunteers made personal inquiries in September 1984 September , 1986 , and 1988 to determine whether the participants they had enrolled were alive or dead, and recorded the dates and places of deaths. Reported deaths were verified by obtaining death certificates. At completion of the 1988 follow-up, vital status was known for 98.2% of the cohort. Linkage to the National Death Index was used to identify deaths that occurred between September 1988 and December 2008 and to identify deaths among 21,704 participants lost to follow-up between 1982 and 1988 (31) . Death certificates or codes for the cause of death were obtained for more than 99% of all known deaths. The underlying cause of death was defined according to the ICD-9(32) for deaths occurring from 1982 through 1998 and the ICD-10 (33) for deaths occurring from 1999 through 2008. Colorectal cancer deaths were defined as ICD-9 codes 153 (colon) and 154 (rectal), or as ICD-10 codes C18 (colon) and C19, C20 (rectal). Among participants included in this analysis, 13,558 deaths from colorectal cancer were identified during follow-up through December 31, 2008 . Of these, 9,404 occurred during follow-up from 1982 through 2000, the follow-up period included in the previous analysis (4), and 4,154 occurred during follow-up from 2001 through 2008.
CPS-II Nutrition Cohort
The CPS-II Nutrition Cohort is a prospective study of cancer incidence, established in 1992, which includes 184,188 CPS-II Mortality Cohort participants from 21 U.S. states (34) . At enrollment in 1992 or 1993, participants completed a mailed self-administered questionnaire including information on demographic, medical, and lifestyle factors. Follow-up questionnaires were sent in 1997 and every 2 years thereafter to update health-related information and ascertain newly diagnosed cancers. The response rate for each follow-up questionnaire was at least 87%. This analysis excludes participants with a history of colorectal cancer at enrollment (N ¼ 2,894), those who were lost to follow-up before contributing any person-time to the analysis (alive at the time of the first follow-up questionnaire in 1997, but did not complete the 1997 or any subsequent follow-up questionnaire, N ¼ 6,170), and those who self-reported a colorectal cancer on the first follow-up survey that could not be verified through medical records or cancer registry linkage (N ¼ 207), leaving 174,917 participants (81,574 men and 93,343 women) in this analysis. Follow-up time began at enrollment in 1992 or 1993 and continued until diagnosis with colorectal cancer, return date of the last completed follow-up questionnaire, death, or the end of the study follow-up period on June 30, 2007. There were no questions about hay fever or asthma on the 1992 enrollment questionnaire or on later follow-up questionnaires. Hay fever and asthma status are therefore based on what participants reported on the 1982 CPS-II Mortality Cohort questionnaire, as described above.
Of the 3,365 incident colorectal cancer cases included in this analysis, 2,729 were initially identified by self-report on the follow-up questionnaires and were subsequently verified by obtaining medical records, or through linkage with state cancer registries when complete medical records could not be obtained (34) . Ascertainment of cancer by self-report is estimated to have a sensitivity of 93% in the Nutrition Cohort (35) . An additional 636 cases of colorectal cancer were identified through linkage with the National Death Index (31), of which 492 were verified through subsequent linkage with state cancer registries. Both the CPS-II Nutrition Cohort and the CPS-II Mortality Cohort have been approved by the Emory University Institutional Review Board (Atlanta, GA).
Statistical analyses
A variable for allergic conditions was created that included 4 categories, no hay fever or asthma (the referent group), hay fever only, asthma only, and both hay fever and asthma. Cox proportional hazards modeling was used to estimate RR while adjusting for potential confounders. Time since enrollment was used as the underlying time axis. All multivariable models were adjusted for age, sex, race, education, body mass index (BMI), physical activity, smoking, and use of aspirin. In the CPS-II Nutrition Cohort, analyses were also adjusted for history of colorectal endoscopy. However, because information on endoscopy was first collected on the 1997 follow-up questionnaire, rather than at enrollment in 1992, only follow-up time after completion of the 1997 questionnaire could be adjusted for this factor. Age was adjusted for using the stratified Cox procedure (36) with one-year strata. Aspirin use was categorized as never, seldom, or often in CPS-I (the categories provided on the questionnaire) or as unknown, as no regular use, occasional use, 1 to 14, 15 to 29, 30 times or more per month or unknown in the CPS-II Mortality Cohort, and as no regular use, 1 to 14, 15 to 29, 30 to 59, 60 pills or more per month or unknown in the CPS-II Nutrition Cohort. All other covariates were modeled using the categories shown in Table 1 . Further adjustment for alcohol use, diabetes, vegetable intake (in all 3 cohorts), red and processed meat intake, and use of oral contraceptives and postmenopausal hormones (assessed only in CPS-II and the CPS-II Nutrition Cohort) had negligible impact on risk estimates, and these factors were not included in the final multivariable models.
In selected analyses, associations with colorectal cancer mortality in CPS-I and the CPS-II Mortality Cohort were combined in a meta-analysis. A fixed-effects model was used because of the similar design of these 2 cohorts (37).
Because IgE-mediated immune reactions may differ by age (38) and sex (39) , and because self-reported asthma in smokers might reflect smoking-related respiratory problems, possible differences in the association of having both asthma and hay fever with risk of colorectal cancer by attained age, sex, and smoking status were examined. We modeled multiplicative interaction terms between a dichotomous variable for having both hay fever and asthma, and attained age (modeled as a continuous variable), sex, and smoking status (never, former, current) and calculated a P value for interaction by comparing the likelihood ratio statistic from models with and without interaction terms.
Results
The prevalence of having both hay fever and asthma was similar across the cohorts included in this analysis (Table 1 ). In the CPS-I cohort, 2.4% reported having both hay fever and asthma, whereas 85.9% reported having neither allergic condition. Similarly, in the CPS-II Mortality Cohort and the CPS-II Nutrition Cohort, 2.2% and 2.5% reported having both hay fever and asthma, whereas 85.9% and 85.0% reported having neither allergic condition, respectively. In each of the cohorts, participants were predominantly White, aged 40 years or older at enrollment, and slightly more than half were women (Table 1) . Compared with participants with neither asthma nor hay fever, those with both asthma and hay fever were more likely to be well educated and less likely to be current smokers. BMI and physical activity were generally similar to asthma and hay fever status, although participants with asthma only were more likely than other participants to be obese. In the CPS-II Nutrition Cohort, the prevalence of a history of colorectal endoscopy in 1997 (the year this was first reported) was slightly higher among individuals with asthma and hay fever (59.9%) than among those with neither condition (55.3%).
Having both asthma and hay fever, compared with having neither, was associated with nonstatistically significantly lower colorectal cancer mortality in CPS-I (RR ¼ 0.90; 95% CI, 0.74-1.09) and statistically significantly lower colorectal cancer mortality in the CPS-II Mortality Cohort (RR ¼ 0.79; 95% CI, 0.69-0.91; Table 2 ). This association did not differ between CPS-I and the CPS-II Mortality Cohort (P ¼ 0.28 for heterogeneity). In a metaanalysis of results from CPS-I and the CPS-II Mortality Cohort, having both hay fever and asthma was associated with statistically significantly lower colorectal cancer mortality (RR ¼ 0.83; 95% CI, 0.74-0.92).
In the CPS-II Nutrition Cohort, having both hay fever and asthma was associated with nonstatistically significantly lower incidence of colorectal cancer (RR ¼ 0.90; 95% CI, 0.71-1.14). We also examined associations with colorectal cancer mortality within the CPS-II Nutrition Cohort to determine whether associations with colorectal cancer mortality might be stronger than those with colorectal incidence within the same study population. Having both hay fever and asthma was not associated with colorectal cancer mortality within the CPS-II Nutrition Cohort although statistical precision was limited (RR ¼ 0.99; 95% CI, 0.69-1.44, in analyses including 29 deaths among participants with both conditions).
In each of the 3 cohorts in this analysis, multivariableadjusted RRs for having both hay fever and asthma (shown in Table 2 ) were slightly closer to the null than results adjusted only for age and sex. RRs for having both hay fever and asthma, adjusted for only age and sex, were 0.89 (95% CI 0.74-1.08) in CPS-I, 0.75 (95% CI 0.65-0.86) in the CPS-II Mortality Cohort, and 0.84 (95% CI 0.67-1.07) in the CPS-II Nutrition Cohort.
Because the association between hay fever and asthma and colorectal cancer mortality during the first 18 years of follow-up of the CPS-II Mortality Cohort has been previously reported (4), we examined this association separately during follow-up time included in the previous report (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and during more recent follow-up (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . The RR of colorectal cancer mortality associated with having both hay fever and asthma during follow-up from 1982-2000 was 0.77 (95% CI 0.65-0.91), nearly identical to that previously reported (4). The Because the CPS-II Nutrition Cohort is a subgroup of the CPS-II Mortality Cohort, results from analyses of these 2 cohorts are not statistically independent. A total of 950 individuals were included as both incident cases of colorectal cancer in the CPS-II Nutrition Cohort and colorectal cancer deaths in the CPS-II Mortality Cohort. We conducted a sensitivity analysis censoring participants from the CPS-II Mortality Cohort on the date they entered the Nutrition Cohort analysis to obtain a statistically independent risk estimate. Results of this sensitivity analysis were similar to those from the main CPS-II Mortality Cohort analysis (RR ¼ 0.78; 95% CI, 0.67-0.90 for having both hay fever and asthma compared with neither).
Associations with having both hay fever and asthma seemed generally similar for colon cancer and rectal cancer (Table 3) . Having hay fever alone was much more common than having both hay fever and asthma and therefore could be examined with more statistical power in subsite analyses. Having hay fever alone was associated with lower risk of rectal cancer mortality (RR ¼ 0.84; 95% CI, 0.73-0.97 in a meta-analysis of CPS-I and the CPS-II Mortality Cohort) but was not associated with colon cancer mortality (RR ¼ 0.95; 95% CI, 0.89-1.01). Associations of having both asthma and hay fever with colorectal cancer mortality or incidence seemed similar in analyses stratified by attained age, sex, and smoking status (Table 4) .
Discussion
In combined analyses of CPS-I and the CPS-II Mortality Cohort that included more than 19,000 colorectal cancer deaths, having both hay fever and asthma, a potential marker of atopy, was associated with approximately 17% lower colorectal cancer mortality. Our results continue to support the association reported in an earlier analysis of the CPS-II Mortality Cohort (4) that included slightly less than half of the colorectal cancer deaths included in the current analysis. It should be noted, however, that our results suggest that the reduction in colorectal cancer mortality associated with having both hay fever and asthma may be smaller than the 24% lower colorectal mortality observed in the earlier CPS-II Mortality Cohort analysis (4). Having both hay fever and asthma was not associated with statistically significantly lower colorectal cancer incidence in the CPS-II Nutrition Cohort (RR ¼ 0.90; 95% CI, 0.71-1.14), although our results are compatible with slightly lower risk.
To our knowledge, only one other study (15) has examined the association between having 2 allergic conditions and risk of colorectal cancer. In an analysis of the IWHS that included 410 incident colorectal cancer cases, having 2 or more allergy-related conditions (potentially including asthma) was associated with considerably lower incidence of colorectal cancer (RR ¼ 0.58; 95% CI, 0.37-0.90; ref. 15) . Variation in results in the IWHS and the CPS-II Nutrition Cohort analyses of colorectal cancer incidence could be due to chance or to differences in the information collected on allergic conditions. The IWHS asked about other allergic conditions, such as skin allergies, in addition to hay fever and asthma. However, hay fever and asthma were among the most common allergic conditions in IWHS and had similar associations with colorectal cancer incidence as other allergic conditions. The inverse association between having both hay fever and asthma and colorectal cancer mortality observed in CPS-I and the CPS-II Mortality Cohort, based on relatively large numbers, is compatible with results from the IWHS.
The absence of any important association between either hay fever alone or asthma alone, and colorectal cancer incidence or mortality in this analysis is generally consistent with the results of most previous studies that examined individual allergic conditions, rather than combinations of allergic conditions. A large Taiwanese record linkage study found inverse associations between having either asthma or hay fever and rectal cancer incidence, but no associations with colon cancer incidence (26) . Results from that Taiwanese study are consistent with the inverse association between hay fever alone and rectal cancer mortality, but not colon cancer mortality, observed in our analysis. Future analyses of markers of atopy should carefully examine associations by colorectal subsite. Large European record linkage studies comparing colorectal cancer incidence in patients with asthma with that in the underlying general population reported lower risk (16), higher risk (19, 20) , and no association (21) . Of 6 other studies (1 cohort and 5 case-control) that examined associations with allergic conditions and included at least 100 cases of incident colorectal cancer, 4 reported no association (22) (23) (24) (25) , 1 reported significantly lower risk with a history of any allergic condition (defined as including asthma; ref. 17) , and 1 reported a marginally statistically significant reduction in risk with a history of allergies (not including asthma; ref. 18 ). The absence of inverse associations with individual allergic conditions in most studies could reflect a weak association between having only one allergic condition and general atopy.
Important strengths of this analysis include its prospective design and large study size. Because of the large size, we were able to examine risk associated with a plausible marker of atopy, having both asthma and hay fever, even though having both conditions is relatively rare. In addition, we were able to adjust for potential confounders, including education and smoking status and to examine results by age, sex, smoking, and colorectal subsite. Several limitations should also be noted. First, analyses of colorectal cancer incidence included considerably less outcomes than analyses of colorectal cancer mortality, limiting our ability to quantify associations with colorectal cancer incidence. Second, asthma and hay fever were self-reported, although CPS-II participants were asked to report physiciandiagnosed asthma and hay fever. Asthma and hay fever status may sometimes be misreported, and asthma and hay fever reported, but not diagnosed by a physician, may be less severe than physician-diagnosed asthma or hay fever. Misclassification of asthma and hay fever status could have attenuated our results, particularly in CPS-I, which did not specify that these conditions be physician-diagnosed. In addition, no information was available about age at onset of hay fever or asthma, or about new diagnoses of hay fever or asthma during follow-up. Finally, although analyses were adjusted for multiple colorectal cancer risk factors, we cannot rule out the possibility that the modestly lower risk of colorectal cancer mortality among participants with asthma and hay fever in our study might have been due to residual confounding by health-related behaviors.
In conclusion, results of this analysis of 2 large prospective studies indicate that having both asthma and hay fever, a potential marker of atopy, is associated with modestly lower colorectal cancer mortality. Whether having both hay fever and asthma is associated with colorectal cancer incidence remains unclear. Future research examining associations between colorectal cancer and other potential markers of atopy, such as IgE levels or eosinophil count in prospectively collected blood samples, could clarify the potential importance of IgE-mediated immune reactions in inhibiting colorectal carcinogenesis.
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